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African green monkeys (AGM) do not develop overt signs of disease following simian immunodeficiency virus
(SIV) infection. While it is still unknown how natural hosts like AGM can cope with this lentivirus infection, a large
number of investigations have shown that CD8� T-cell responses are critical for the containment of AIDS viruses
in humans and Asian nonhuman primates. Here we have compared the phenotypes of T-cell subsets and magni-
tudes of SIV-specific CD8� T-cell responses in vervet AGM chronically infected with SIVagm and rhesus monkeys
(RM) infected with SIVmac. In comparison to RM, vervet AGM exhibited weaker signs of immune activation and
associated proliferation of CD8� T cells as detected by granzyme B, Ki-67, and programmed death 1 staining. By
gamma interferon enzyme-linked immunospot assay and intracellular cytokine staining, SIV Gag- and Env-specific
immune responses were detectable at variable but lower levels in vervet AGM than in RM. These observations
demonstrate that natural hosts like SIV-infected vervet AGM develop SIV-specific T-cell responses, but the disease-
free course of infection does not depend on the generation of robust CD8� T-cell responses.

Humans infected with the human immunodeficiency virus
(HIV) and Asian nonhuman primates infected with the simian
immunodeficiency virus (SIV) generally experience a progres-
sive loss of CD4� T cells and eventually develop AIDS. In
contrast, African nonhuman primates do not typically develop
an AIDS-like disease following infection with their respective
SIV strains (25, 73). Among African nonhuman primates, Af-
rican green monkeys (AGM) belong to those species of natural
hosts that have been studied in greater detail (25, 68). AGM
are classified into four subspecies: grivet, vervet, sabaeus, and
tantalus monkeys (Chlorocebus aethiops, Chlorocebus pygeryth-
rus, Chlorocebus sabaeus, and Chlorocebus tantalus, respec-
tively), each of which are infected in the wild by distinct spe-
cies-specific SIVagm virus subtypes (2, 25). After reaching
maturity, feral populations of AGM have a high seropreva-
lence for SIV and plasma viral loads that can reach levels
similar to those observed in AIDS virus-infected humans or
Asian nonhuman primates (7, 19).

Experimental infection of AGM with SIV results initially in
high levels of plasma viremia followed by partial viral contain-
ment. A transient loss of CD4� T cells during primary viremia
is followed by rapid recovery to preinfection levels within a few
weeks after challenge (12, 18, 27, 32, 52, 54, 55). Very infre-
quently, after a prolonged period of SIV infection, a significant
decline of CD4� T cells has been observed in vervet AGM

without causing disease (46). Despite the lack of pathogenicity
in vervet AGM, SIV infection of pig-tailed macaques shows
that at least one SIVagm strain can lead to CD4� T-cell loss
and development of an AIDS-like disease (20, 26). Thus,
SIVagm is not inherently nonpathogenic in nonhuman pri-
mates.

In humans and Asian nonhuman primates, the containment
of HIV and SIV viremia is likely multifactorial, including in-
nate and adaptive immune factors (1, 37, 57, 61). Adaptive
immune responses are usually detectable within a few weeks or
months following infection. The relative contribution of hu-
moral immune responses is still a matter of debate. Neutral-
izing antibodies exert selective immune pressure on the virus,
resulting in extensive variation in the envelope gene and im-
mune escape (63). However, most neutralizing antibodies are
type specific, and broadly neutralizing antibodies are rarely
seen (8, 23). In contrast, cellular immune responses play a
central role in partial containment of primary and chronic
AIDS virus infections in humans and Asian nonhuman pri-
mates (6, 34, 35, 66).

As the reason for the nonpathogenic course of infection in
natural hosts of AIDS viruses remains elusive, a number of
correlative observations have been made that can explain the
differential outcome of infections in natural hosts compared to
nonnatural hosts. The most profound observations associated
with nonpathogenic SIV infection are the transient immune
activation following SIV infection, the strong induction of anti-
inflammatory responses, and the relative paucity of CCR5�

CD4� T-cell target cells, particularly in gastrointestinal tissues
(32, 53, 68). It is questionable whether adaptive immune re-
sponses contribute to partial viral control and a nonpathogenic
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course of infection. Since SIV-specific humoral immune re-
sponses in chronic infection consist mainly of nonneutralizing
envelope-specific antibodies and relatively low titers of Gag-
specific antibodies in comparison to AIDS virus-infected hu-
mans and Asian nonhuman primates, it is unlikely that
humoral immune responses play a major role in the nonpatho-
genic course of infection (17, 25, 50). Cellular immune re-
sponses have been detected in sooty mangabeys (30). However,
CD8� lymphocyte depletion experiments in SIV-infected sooty
mangabeys have questioned the relevance of SIV-specific
CD8� T-cell responses in viral containment and a disease-free
course of infection (4). CD8� T cells from SIV-infected vervet
AGM can secrete molecules that may interfere with SIV rep-
lication in in vitro cultures (15), similar to observations made
for humans and Asian nonhuman primates. Only a small sub-
group of vaccinated or SIV-infected AGM showed T-cell pro-
liferation upon stimulation with whole inactivated virus (5).
However, a detailed investigation of CD8� T-cell responses in
AGM has not been performed so far.

In the present study, we have utilized complex polychro-
matic flow cytometry to detect T-cell subset changes and per-
formed gamma interferon (IFN-�) enzyme-linked immunospot
(ELISPOT) assays and intracytoplasmic cytokine staining to
determine SIV peptide pool-specific functional CD8� T-cell
responses in SIV-negative and SIV-infected vervet AGM and
rhesus monkeys (RM). In comparison to SIV-infected RM,
vervet AGM had relatively weak signs of immune activation
and proliferation of CD8� T cells and relatively low levels of
SIV-specific CD8� T-cell responses.

MATERIALS AND METHODS

Animals and viruses. A total of 33 vervet AGM were recruited for these
studies. Twenty-two were imported from Tanzania and included four SIV-neg-
ative animals, 11 naturally infected animals, and seven experimentally infected
animals. Eleven uninfected vervet AGM that originated from Kenya were im-
ported from Germany. The experimentally infected vervet AGM were inoculated
either with the well-characterized SIVagmVer90 isolate (26) or with 2 ml of
SIV-infected blood from one of the naturally infected vervet AGM (Ver1) as
previously described (18) and were evaluated at 3.5 years following infection. For
comparative purposes, a total of 63 SIV-negative RM and 21 RM chronically
infected with SIV, all of Indian origin (Macaca mulatta), were recruited. The
numbers of RM used for the individual assays are indicated in Results. All
SIV-infected RM were negative for the major histocompatibility complex class I
allele Mamu-A*01. The RM were challenged either with uncloned SIVmac251 or
with SIVsmE660, and blood samples were taken from these animals at 4 to 6
months (n � 16) or 2 years (n � 5) postchallenge. All animals were maintained
in accordance with the guidelines of the Committee on the Care and Use of
Laboratory Animals under an NIAID-approved animal study protocol (48), and
all studies and procedures were reviewed and approved by the Institutional
Animal Care and Use Committees of the NIH and Harvard University.

Plasma viral load assay. Plasma levels of viral RNA in RM were measured by
an ultrasensitive branched DNA amplification assay with a detection limit of 125
copies per ml (Bayer Diagnostics, Berkeley, CA). A quantitative real-time re-
verse transcription-PCR (RT-PCR) assay for quantitation of viral RNA in AGM
plasma was performed as previously described (19), using methodology based on
the 7700 sequence detection system (Applied Biosystems, Foster City, CA) used
for SIVsm/mac-specific real-time RT-PCR (71). Briefly, forward and reverse
primers to amplify a 122-bp fragment and an internal fluorogenic probe were
generated based on the SIVagm155 sequence (GenBank accession no. M29975)
as follows: AgmF, 5�-GTC CAG TCT CAG CAT TTA CTT G-3� (nucleotide
7981); AgmR, 5�-CGG GCA TTG AGG TTT TTC AC-3� (nucleotide 8090); and
probe, 5�-R-CAG ATG TTG AAG CTG ACC ATT TGG GQ-3� (nucleotide
8041), where R indicates a 6-carboxyfluorescein group and Q indicates a 6-car-
boxytetramethylrhodamine group conjugated through a linker arm nucleotide
linkage. Previous studies have shown that this primer-probe set amplifies diver-
gent SIVagmVer isolates (19).

STLV and SIV serology. Serology for antibodies to SIVagm was performed by
Western blot analysis, as described previously (18). Briefly, virus was pelleted
from cell-free supernatant of CEMss cells infected with SIVagm90. Virus parti-
cles were disrupted in Laemmli sample buffer, and viral proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes. Individual strips containing SIV proteins were
reacted with diluted vervet AGM plasma and washed to remove unbound ma-
terial. The bound SIV-specific antibodies were visualized by subsequent reaction
with ImmunoPure A/G protein conjugated with alkaline phosphatase (Pierce
Biotechnology, Rockford, IL), followed by the nitroblue tetrazolium–5-bromo-
4-chloro-3-indolylphosphate substrate system (Kirkegaard & Perry Laboratories,
Gaithersburg, MD). Serology for antibodies to simian T-lymphotropic virus type
1 (STLV-1) was performed by enzyme-linked immunosorbent assay (Bio-
Reliance, Rockville, MD). To confirm SIV infection of naturally infected vervet
AGM, virus isolation was attempted by coculture of phytohemagglutinin- and
interleukin-2 (IL-2)-stimulated peripheral blood mononuclear cells (PBMC)
with CEMss cells as previously described (19). Cultures were monitored weekly
for supernatant reverse transcriptase activity for up to 6 weeks of culture. Virus
was isolated from all of the SIV-seropositive vervet AGM and none of the
seronegative vervet AGM.

Monoclonal antibodies (MAbs) and immunophenotyping of lymphocytes. The
antibodies used in this study were purchased from BD Biosciences (San Jose, CA)
or Beckman Coulter (Miami, FL). The anti-programmed death 1 (PD-1) antibody
(EH12) was recently described and is available from Biolegend (13). The antibodies
used in this study were anti-tumor necrosis factor alpha (TNF-�)-fluorescein iso-
thiocyanate (MAb11; BD Biosciences), anti-CD95-phycoerythrin (DX2; BD Bio-
sciences), anti-IFN-�-phycoerythrin-Cy7 (B27; BD Biosciences), anti-CD28-peri-
dinin chlorophyll protein-Cy5.5 (L293; BD Biosciences), anti-IL-2-allophycocyanin
(MQ1-17H12; BD Biosciences), anti-CD4-AmCyan (L200; BD Biosciences), anti-
CD3-Pacific blue (SP34-2; BD Biosciences), anti-CD8�-allophycocyanin-Cy7 (SK1;
BD Biosciences), anti-CD8��-energy-coupled dye (2ST8.5H7; Beckman Coulter),
anti-PD-1-phycoerythrin (EH12-2H7), anti-Ki-67-fluorescein isothiocyanate (B56;
BD Biosciences), and anti-granzyme B-Alexa Fluor 700 (GB11; BD Biosciences).

Whole-blood samples were stained for 15 min with antisurface antibodies
(CD3, CD4, CD8�, CD8��, CD28, CD95, and PD-1). Red blood cells were lysed
by a TQ-Prep instrument (Beckman Coulter), and the cells were washed with
phosphate-buffered saline (PBS). Cells were then fixed and permeabilized with
Cytofix/Cytoperm solution (BD Biosciences) and stained with antibodies specific
for Ki-67 and granzyme B. Labeled cells were fixed in 1.5% formaldehyde-PBS.
Samples were collected on an LSR II instrument (BD Biosciences) and analyzed
using FlowJo software (TreeStar Inc., Ashland, OR).

The cross-reactivity of the anti-PD-1 antibody against vervet AGM PD-1 was
tested by staining of stimulated vervet AGM PBMC. Purified PBMC (2 � 106)
were stimulated for 2 days in RPMI (Invitrogen) supplemented with 10% fetal
calf serum (FCS), IL-2 (20 U/ml), and concanavalin A (5 �g/ml).

IFN-� ELISPOT assays. For ELISPOT assays, 96-well Multiscreen HA plates
(Millipore, Bedford, MA) were coated by overnight incubation (100 �l/well) at
4°C with mouse anti-human IFN-� MAb (B27; BD Biosciences) at 5 �g/ml in
PBS. Plates were washed with PBS and blocked for 2 h at 37°C with 100 �l/well
of RPMI 1640 medium containing 10% FCS. Purified PBMC were plated in
triplicate at 2 � 105/well in a 100-�l final volume with medium alone or a peptide
pool of 2 �g/ml SIVagmVer Gag peptide or 2 �g/ml of SIVagmVer9063 Env
peptide. The peptide pools for stimulation of vervet AGM-derived PBMC con-
sisted of overlapping 15-mer peptides spanning the SIVagmVer Env protein or
the Gag protein (Mimotopes, Clayton, Australia, and NIH/NIAID Reagent
Resource Support Program for AIDS Vaccine Development, Quality Biological,
Inc. [R. L. Brown, principal investigator]). The peptide pools for stimulation of
RM-derived PBMC consisted of overlapping 15-mer peptides spanning the
SIVmac251 Env protein or Gag protein (AIDS Research and Reference Re-
agent Program, Division of AIDS, NIAID, NIH, Germantown, MD). After 18 h
of incubation at 37°C, the plates were washed free of cells with PBS-0.05%
Tween 20 and double-distilled water and incubated for 2 h at room temperature
with 100 �l of biotinylated rabbit polyclonal anti-human IFN-� MAb (BD Bio-
sciences) per well at 2 �g/ml. Plates were washed, and 100 �l of streptavidin-
alkaline phosphatase (Southern Biotechnology Associates, Birmingham, AL)
was added at a 1/500 dilution. After a 2-h incubation, plates were washed and
developed with nitroblue tetrazolium–5-bromo-4-chloro-3-indolylphosphate
chromogen (Pierce Biotechnology, Rockford, IL). Plates were read on an
ImmunoSpot analyzer (Cellular Technology, Cleveland, OH) using Cellular
Technologies Ltd. (CTL) ImmunoSpot image processing software. The median
number of spots from triplicate wells was calculated for each responder animal
and adjusted to represent the median number of spots per 106 cells. Data are
presented as the median number of spots per 106 PBMC. All data are reported
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after background correction. Only wells with spot numbers higher than twice the
standard deviation of spots in the medium controls were counted as positive.

PBMC stimulation and ICS. For intracellular cytokine staining (ICS) assays,
purified PBMC were isolated from heparin-anticoagulated blood by Ficoll gra-
dient separation. PBMC were then incubated at 37°C for 6 h in the presence of
RPMI 1640-10% FCS alone (unstimulated), pools of 15-mer Gag or Env pep-
tides (5 �g/ml [each peptide]), or phorbol 12-myristate 13-acetate (10 ng/ml;
Sigma-Aldrich) and ionomycin (1 �g/ml; Sigma-Aldrich) as a positive control.
All cultures contained monensin (GolgiStop; BD Biosciences) as well as 1 �g/ml
anti-CD49d (BD Biosciences) and 1 �g/ml anti-CD28 (BD Biosciences). The
cultured cells were stained with MAbs (as described above) specific for cell
surface molecules (CD3, CD4, CD8�, and CD8��). Cells were then fixed and
permeabilized with Cytofix/Cytoperm solution (BD Biosciences) and stained
with antibodies specific for IFN-�, TNF-�, and IL-2. Labeled cells were fixed in
1.5% formaldehyde-PBS. Samples were collected on an LSR II instrument (BD
Biosciences) and analyzed using FlowJo software (TreeStar Inc.). At least
200,000 events were collected per sample. The background level of cytokine
staining varied between different samples and different cytokine patterns but was
	0.15% of the CD8� T cells (median, 0.05%). All data are reported after
background correction. The only samples considered positive were those in
which the percentage of cytokine-staining cells was at least twice the standard
deviation of the background.

Statistical analyses. Statistical analyses and graphical presentations were com-
puted with GraphPad Prism (GraphPad Prism Software, La Jolla, CA). P values
of 	0.05 were considered significant. Mann-Whitney tests were applied for
comparison of two groups. Multigroup comparisons were performed with the
Kruskal-Wallis test. If the Kruskal-Wallis test showed a significant difference, a
Dunn’s posttest was applied to determine the level of significance between two
individual groups. A Spearman correlation test was performed to analyze the

association between plasma viral RNA loads and various parameters (including
absolute CD4� T-cell counts and ratio of naive/memory CD4� T cells).

RESULTS

Characterization of the vervet AGM study group. The 33
vervet AGM that were studied are listed in Table 1. All 15
seronegative vervet AGM were also negative by virus isolation
from PBMC and plasma viral RNA. SIV-infected vervet AGM
included 11 naturally infected animals and seven infected with
either SIVagmVer90 or blood from a naturally infected vervet
AGM, Ver1, as previously described (18). All infected mon-
keys were positive by SIV serology, virus isolation from PBMC,
and plasma viral RNA assay with a median level of plasma viral
RNA of 56,750 copies/ml (range, 2,600 to 838,379) (Table 1).
No significant difference (P � 0.77; Mann-Whitney test) was
detected in absolute CD4� T-cell counts between SIV-infected
(median, 234 cells/ml; range, 38 to 869) and SIV-negative (me-
dian, 287; range, 109 to 1,399) vervet AGM (Table 1).

T-cell subsets in vervet AGM and RM. As previously re-
ported by others, almost all T cells in vervet AGM express the
CD8� molecule at various levels (45). To characterize the differ-
ent T-cell subsets in vervet AGM, we first gated on CD4� CD8�
dimly positive T cells (referred to as CD4� T cells) or CD4


TABLE 1. Cohort of vervet AGMa

Animal SIVagmVer strain No. of yrs
p.i.

Plasma SIVagmVer
RNA (no. of

copies/ml)

SIVagmVer
serology

SIVagm RT
activity

STLV
serology

CD4� T cells
(no. of cells/�l)

Ver1 Natural UK 161,000 � � 
 206
Ver5 Natural UK 32,700 � � 
 245
Ver10 Natural UK 36,700 � � 
 147
Ver11 Natural UK 2,600 � � 
 116
Ver18 Natural UK 43,800 � � 
 504
Ver3 Natural UK 69,700 � � � 296
Ver4 Natural UK 11,800 � � � 477
Ver6 Natural UK 75,400 � � � 155
Ver12 Natural UK 21,400 � � � 38
Ver16 Natural UK 13,200 � � � 228
Ver17 Natural UK 76,800 � � � 228
Ver20 SIVagm90 3.5 31,559 � � 
 239
Ver22 SIVagm90 3.5 838,379 � � 
 361
Ver24 SIVagm90 3.5 126,595 � � 
 267
Ver2 SIVagm1 3.5 166,278 � � 
 174
Ver8 SIVagm1 3.5 3,366 � � 
 212
Ver14 SIVagm1 3.5 84,472 � � 
 239
Ver19 SIVagm1 3.5 147,445 � � 
 869
Ver7 Naive NA 	100 
 
 
 491
Ver9 Naive NA 	100 
 
 
 109
Ver13 Naive NA 	100 
 
 
 194
Ver23 Naive NA 	100 
 
 
 1,399
Ver302 Naive NA 	100 
 
 
 263
Ver346 Naive NA 	100 
 
 
 544
Ver731 Naive NA 	100 
 
 
 173
Ver5339 Naive NA 	100 
 
 
 226
Ver5417 Naive NA 	100 
 
 
 206
Ver5419 Naive NA 	100 
 
 
 488
Ver5441 Naive NA 	100 
 
 
 430
Ver5506 Naive NA 	100 
 
 
 295
Ver5387 Naive NA 	100 
 
 � 142
Ver5431 Naive NA 	100 
 
 � 324
Ver5504 Naive NA 	100 
 
 � 287

a Abbreviations: UK, unknown; NA, not applicable; p.i., postinfection; RT, reverse transcriptase.
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CD8� intermediately or brightly positive T cells. The CD4


CD8�� T cells were then further subdivided into CD8�� ho-
modimer-expressing cells and CD8�� heterodimer-expressing
cells (data not shown). The CD8� T-cell subsets, CD8��� and
CD8��� T cells, were then further subdivided into naive (CD28�

CD95
), central memory (CM; CD28� CD95�), and effector
memory (EM; CD28
 CD95�) T cells according to their expres-
sion of CD28 and CD95 (62).

We compared the distribution of maturation-associated T-
cell subsets in SIV-negative (n � 12) and SIV-infected (n �
18) vervet AGM to that in SIV-negative (n � 63) and
SIVmac251-infected Mamu-A*01-negative (n � 20) RM. We
chose to use Mamu-A*01-negative RM for comparison to ex-
clude those RM that may show particularly strong SIV-specific
CD8� T-cell responses that could potentially bias our compar-
ative investigations (43, 44).

In RM, the percentage of naive and CM CD8��� T cells
was lower in SIV-infected than in noninfected animals (naive,
P � 0.03; CM, P � 0.006; Mann-Whitney test) (Fig. 1A and B),
whereas EM CD8��� T cells were significantly more abundant
in SIV-infected animals than in noninfected animals (P � 0.01;
Mann-Whitney test) (Fig. 1C). In contrast, SIV-infected vervet
AGM showed a significantly higher percentage of CM
CD8��� T cells in SIV-infected than in noninfected animals
(P � 0.04; Mann-Whitney test) but no difference in the per-
centage of naive or EM CD8��� T cells between SIV-infected
and noninfected animals. In addition, we did not observe a
significant difference in the percentages of CD8��� T-cell
subsets between noninfected and SIV-infected vervet AGM
(data not shown).

SIV-specific T-cell responses in vervet AGM. To assess the
quality and quantity of cellular immune responses in SIV-
infected vervet AGM, we examined cytokine responses follow-
ing stimulation with SIV Gag and Env peptide pools. To
maximize the sensitivity of IFN-� detection following SIV
antigen-specific stimulation, we used an ELISPOT assay. In
addition, we performed an ICS assay following SIV-specific
antigen stimulation to simultaneously detect IFN-�, IL-2, and
TNF-� production by different T-cell subsets.

The medium control in the ELISPOT assay from some
vervet AGM resulted in a high number of spot-forming cells
(SFC) (Fig. 2A and B). For humans, high backgrounds in
cytokine detection assays were observed as a result of nonspe-
cific T-cell activation following human T-lymphotropic virus

(HTLV) infection (21, 47, 49). Therefore, we tested the ani-
mals for antibodies against STLV. The animals with a high
IFN-� response in the medium control wells in the ELISPOT
assay (320 to 4,668 SFC/106 cells) were indeed all positive for
anti-STLV antibodies (Fig. 2A). The STLV-negative animals
showed only a weak background production of IFN-� in the
control wells (0 to 195 SFC/106 cells). HTLV-infected CD4� T
cells spontaneously produce IFN-� when the T cells are cultured
for more than 6 h (21, 47, 49). Therefore, we believe that the high
background in the ELISPOT assay was probably due to sponta-
neous IFN-� production by CD4� T cells during the 18-h incu-
bation period. The high background IFN-� production was not
observed in the ICS assay, probably due to the shorter incubation
period of 6 h (Fig. 2C and D). Therefore, all STLV-coinfected
vervet AGM were excluded from further examination by the
IFN-� ELISPOT assay but not from the ICS assay.

To analyze SIV-specific immune responses in lymphocytes
obtained from STLV-negative vervet AGM by the ELISPOT
assay, we stimulated the cells with SIVagmVer Gag and Env
peptide pools. Three of the 12 SIV-infected vervet AGM did
not show any responses to either Gag or Env peptide pools
(Ver11, Ver14, and Ver18) (Fig. 3A). The remaining nine
animals all responded to stimulation with the Gag peptide
pool, but only six animals showed responses to the Env peptide
pools. All responses, except for the Env responses of Ver5,
were below 1,000 SFC/106 PBMC. No differences in the mag-
nitude and breadth of SIV Gag and Env responses were ob-
served between the naturally infected and experimentally in-
fected vervet AGM. Interestingly, 3 of the 11 noninfected
vervet AGM showed IFN-� responses following stimulation
with SIV peptides (Fig. 3B). The responses were low but above
the threshold of twice the standard deviation of the mean of
the medium control. To ensure that this observation was not
due to an artifact in the peptide preparation, we performed
additional IFN-� ELISPOT assays on all vervet AGM with a
Gag peptide pool that was obtained from another manufac-
turer, and we observed comparable results (data not shown).

The RM showed more consistent immune responses in the
IFN-� ELISPOT assays (Fig. 3C). The median IFN-� re-
sponses in RM were slightly higher than those in vervet AGM
without, however, reaching statistical significance (SIV Gag
peptide pool in RM, 630 SFC/106 cells [range, 0 to 1,665]; SIV
Gag peptide pool in vervet AGM, 94 SFC/106 cells [range, 0 to
837] [Mann-Whitney test, P � 0.11]; SIV Env peptide pool in

FIG. 1. Maturation-associated CD8��� T-cell subsets in uninfected vervet AGM and RM and vervet AGM and RM chronically infected with
SIV. Whole-blood samples from vervet AGM and RM were stained with anti-CD3, anti-CD4, anti-CD8�, anti-CD8��, anti-CD28, and anti-CD95
MAbs and analyzed by multicolor flow cytometry. The stars indicate a statistically significant difference (P 	 0.05; Mann-Whitney test) between
uninfected and SIV-infected monkeys (investigated in each of the two monkey species separately).
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RM, 120 SFC/106 cells [range, 0 to 2,405]; SIV Env peptide
pool in vervet AGM, 73 SFC/106 cells [range, 0 to 2,058]
[Mann-Whitney test, P � 0.18]).

To further elucidate the SIV-specific immune responses in
vervet AGM, we stained SIV peptide-stimulated T cells intra-
cellularly with antibodies against IL-2, IFN-�, and TNF-�. The
cells were first gated on CD3� and CD8��� T cells. CD8���

T-cell responses against Gag and Env peptide pools were rel-
atively weak in SIV-infected vervet AGM (Fig. 4A and D).
CD8��� T cells from SIV-infected and noninfected vervet
AGM had cytokine responses comparable to, but generally
lower than, those of CD8��� T cells (data not shown). The
highest responses for all three cytokines were observed in
Ver17, which was coinfected with STLV. Another STLV-in-
fected AGM, Ver4, also showed above-average responses for
IFN-�, IL-2, and TNF-�. Surprisingly, three of the noninfected
vervet AGM had high cytokine responses when stimulated with
Gag and/or Env. These animals also produced IFN-� in the
ELISPOT assay after SIV peptide stimulation. Nevertheless,
all methods used to detect SIV or STLV in these animals were
negative. Since we could not completely rule out the possibility
that these three vervet AGM were infected with SIV, we ex-
cluded these animals from all phenotyping experiments.

Eight of 10 SIV-infected RM were positive for intracellular
IFN-� production after stimulation with Gag or Env peptide
pools. Only one animal also produced TNF-� after stimulation

with both peptide pools. The median IFN-� responses following
stimulation with SIV Gag and Env peptide pools in SIV-infected
RM (SIV Gag, 0.09% [range, 0% to 0.38%]; SIV Env, 0.08%
[range: 0% to 0.39%]) were again slightly higher than those of
STLV-negative SIV-infected vervet AGM (SIV Gag, 0.01%
[range, 0% to 0.46%]; SIV Env, 0.05% [range, 0% to 0.20%]).
The comparison of the SIV Gag responses approached an almost
significant difference between SIV-infected vervet AGM and RM
(P � 0.08, Mann-Whitney test). No statistically significant differ-
ences were detected in the comparison of SIV Env responses
(P � 0.51, Mann-Whitney test).

In summary, although it did not reach a statistically signifi-
cant level, a trend of lower immune responses against SIV Gag
and Env was detected in vervet AGM chronically infected with
SIV compared to RM chronically infected with SIV.

Lack of increased proliferation and granzyme B expression
in CD8� T cells from SIV-infected vervet AGM. Chronic im-
mune activation in HIV infection and in SIV infection of Asian
nonhuman primates is characterized by elevated T-cell prolif-
eration. The nuclear expression of the Ki-67 molecule is widely
accepted as a marker for recent T-cell proliferation in HIV-
infected individuals (42). We analyzed Ki-67 expression in CM
and EM CD8� T-cell subsets in vervet AGM and RM by
intracellular staining. In general, we found that Ki-67 levels in
RM were markedly higher than those in vervet AGM CD8� T
cells, even in noninfected RM (Table 2). CD8��� T cells from

FIG. 2. Background of IFN-� ELISPOT assay and ICS in PBMC from vervet AGM. PBMC were isolated by Ficoll gradient centrifugation and
either used in an IFN-� ELISPOT assay or stained for intracellular IFN-� cytokine production and analyzed by flow cytometry. Cells were cultured
in RPMI supplemented with 10% FCS for 18 h at 37°C for the ELISPOT assay and for 6 h at 37°C for ICS without additional peptide or mitogen
stimulation. (A and B) Numbers of SFC in 106 cells detected by ELISPOT assay in either STLV-positive (A) or STLV-negative (B) vervet AGM
regardless of their SIV status. (C and D) Percentages of intracellular IFN-�� T cells detected by flow cytometry in either STLV-positive (C) or
STLV-negative (D) vervet AGM regardless of their SIV status.
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SIV-infected RM (n � 15) expressed about twice as much
Ki-67 as did those from noninfected RM (n � 28) (Table 2).
This was observed in CM as well as in EM CD8��� T-cell
subsets (CM, P 	 0.0001; EM, P � 0.0012; Mann-Whitney
test). In contrast, noninfected and SIV-infected vervet AGM
showed only a marginal difference in Ki-67 expression on
CD8��� T cells (median Ki-67 expression in CM, 5.4% [SIV
negative] and 7.7% [SIV positive]; median Ki-67 expression in
EM, 4.0% [SIV negative] and 5.8% [SIV positive]) (Table 2).
Similarly, CM and EM CD8��� T cells from noninfected and
SIV-infected vervet AGM also showed only a marginal differ-
ence in Ki-67 expression (median Ki-67 expression in CM,
5.4% [SIV negative] and 5.7% [SIV positive]; median Ki-67
expression in EM, 4.3% [SIV negative] and 6.1% [SIV posi-
tive]) (Table 2). Ki-67 expression was not analyzed for the
CD8��� T-cell subsets in RM since these T-cell subsets were
present in only a very small percentage of RM.

Granzyme B is a serine protease that is produced by CTL. It
is stored in a nonactive form in lytic granules of CTL and is

released in conjunction with other effector proteins, including
perforin, upon activation (39, 75). The granzyme B content of
CTL correlates with effector function in vivo (10). We per-
formed an intracellular granzyme B staining of CD8� T cells
from vervet AGM in combination with anti-CD28 and anti-
CD95 antibodies to distinguish between naive, CM, and EM
cells. There was no significant difference between the expres-
sion of granzyme B in total CD8��� T cells from SIV-infected
vervet AGM and that in cells from noninfected animals (P �
0.57; Mann-Whitney test) (Fig. 5A). However, SIV-infected
vervet AGM had a significantly higher level of granzyme B-
expressing CM CD8��� T cells than did noninfected animals
(P � 0.03; Mann-Whitney test). Almost all EM CD8��� T
cells from vervet AGM expressed granzyme B regardless of
whether the animals were SIV infected. As expected, granzyme
B expression levels in vervet AGM were highest in EM, inter-
mediate in CM, and almost absent in naive CD8��� T cells. A
similar pattern of granzyme B expression was also observed in
CD8��� T cells from vervet AGM (data not shown).

In RM, total CD8��� T cells and the CM and EM subsets
of CD8��� T cells obtained from SIV-infected animals had
significantly higher granzyme B expression levels than did cells
from noninfected animals (total CD8��� T cells, P � 0.04;
CM CD8��� T cells, P � 0.001; EM CD8��� T cells, P �
0.02; Mann-Whitney test) (Fig. 5B). Similar to vervet AGM,
the highest expression of granzyme B was observed in EM cells
and an intermediate expression was seen in CM cells; mean-
while, naive cells, as expected, were almost completely nega-
tive. In general, vervet AGM showed constitutively higher lev-
els of granzyme B expression than did RM. In particular,
almost all EM CD8��� T cells from vervet AGM expressed
granzyme B. Thus, SIV infection of vervet AGM only margin-
ally influenced the expression pattern of granzyme B on
CD8��� T cells (total CD8��� T cells, P � 0.57; CM
CD8��� T cells, P � 0.03; EM CD8��� T cells, P � 0.92;
Mann-Whitney test).

PD-1 expression pattern in SIV-infected vervet AGM is sim-
ilar to that of SIV-infected RM. The PD-1 surface molecule is
a member of the B7:CD28 family of costimulatory molecules
that regulate T-cell activation (22). PD-1 upregulation is asso-
ciated with exhaustion of HIV-specific T cells and disease
progression (11, 72, 76). In vitro blockage of PD-1 interaction
with its ligand PD-L1 leads to a partial functional restoration
of virus-specific CTL in AIDS virus-infected human and Asian
nonhuman primates (16, 60, 72, 74). To compare cross-reac-
tivities of the PD-1 antibody in vervet AGM and RM, we
performed staining of freshly isolated CD8��� T cells from
both species with PD-1 antibody (Fig. 6A and B). The fluores-
cent signal intensities of the phycoerythrin-coupled PD-1 an-
tibody on CD8��� T cells from the two species were similar.

Next, we analyzed the PD-1 expression in CD8��� T cells
obtained from vervet AGM chronically infected with SIV and
noninfected vervet AGM. Total CD8��� T cells obtained
from SIV-infected vervet AGM expressed significantly higher
levels of PD-1 than did noninfected animals (P � 0.004; Mann-
Whitney test) (Fig. 6C). This observation was mainly a result of
higher PD-1 expression on EM CD8��� T cells of SIV-in-
fected vervet AGM than on cells of noninfected vervet AGM
(P � 0.0006; Mann-Whitney test). CM CD8��� T cells of
SIV-infected and noninfected vervet AGM expressed compa-

FIG. 3. SIV-specific IFN-� cytokine release in PBMC obtained from
SIV-negative and SIV-infected vervet AGM and SIVmac-infected RM.
(A and B) PBMC from 12 SIV-infected (A) and 11 SIV-negative
(B) vervet AGM were stimulated with SIVagm-specific Gag and Env
peptide pools for 18 h at 37°C. (A) Animals were divided into three
groups, according to infection history and different strains of virus used for
infection. (B) Animals were separated into two groups: SIV-negative
animals that showed responses (resp. SIV-) and animals that showed no
responses (non resp. SIV-). (C) PBMC from 15 SIVmac-infected RM
were stimulated with SIVmac-specific Gag and Env peptide pools for 18 h
at 37°C. The bars represent the numbers of SFC in 106 PBMC in response
to the Gag (black) and Env (white) peptide pools. Responses were con-
sidered positive if their value was greater than twice the standard devia-
tion of the mean of the medium control wells. All values were background
corrected using the medium controls. Responses and background were
determined separately for cells obtained from vervet AGM and RM.
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rable levels of PD-1. As expected, naive CD8��� T cells did
not express significant amounts of PD-1 (Fig. 6C). CD8��� T
cells showed similar patterns of PD-1 expression in SIV-in-
fected and noninfected vervet AGM (data not shown), with
high PD-1 expression in both groups.

Interestingly, PD-1 expression on CD8��� T cells from non-
infected RM was significantly higher (Fig. 6D) than that on
cells from noninfected vervet AGM (P � 0.02; Mann-Whitney
test), and the expression observed in RM was of a magnitude
comparable to that in a recently published study by Petrovas et
al. (60). Total CD8��� T cells from RM that were SIV in-
fected for 100 days did not express higher PD-1 levels than did
noninfected animals (Fig. 6D). RM that were SIV infected for
380 days, however, expressed significantly higher levels of PD-1
than did noninfected animals (P � 0.01; Mann-Whitney test).
Similar patterns of PD-1 expression were observed in the CM
and EM CD8��� T-cell subsets. Expression of PD-1 was sig-

nificantly higher in RM infected with SIV for 380 days (CM,
P � 0.05; EM, P � 0.05; Kruskal-Wallis test) but only slightly
higher in RM infected for 100 days (CM, P � 0.05; EM, P �
0.05; Kruskal-Wallis test) than in noninfected animals. Naive
CD8��� T cells from all three groups of RM expressed very
low levels of PD-1.

In summary, the PD-1 staining experiments showed that
chronic SIV infection resulted in upregulation of PD-1 expres-
sion on memory CD8� T cells in both species. However, this
upregulation was more consistently observed on CM and EM
cells from RM than on cells from vervet AGM, where we found
an upregulation of PD-1 only on EM cells.

DISCUSSION

CD8� T-cell responses play a major role in partial viral
containment of pathogenic AIDS virus infections in humans

FIG. 4. Intracellular expression of IFN-�, IL-2, and TNF-� in SIV Gag and Env peptide-stimulated CD8��� T cells. Freshly isolated PBMC were
stimulated for 6 h at 37°C in the presence of either SIVagmVer- or SIVmac-specific peptide pools. The intracellular staining in CD8��� T cells stimulated
with Gag or Env peptide pools is shown for SIV-infected vervet AGM (A and D), SIV-negative vervet AGM (B and E), and SIVmac-infected RM (C
and F). (A and D) Animals were divided into three groups according to infection histories and the different strains used for infection. (B and E) Animals
were separated into two groups: SIV-negative animals that showed responses (resp.) and animals that showed no responses (non resp.). In panels A, B,
D, and E, vervet AGM positive for STLV are marked in red. The blue bars represent the percentages of IFN-�� CD8��� T cells, the red bars indicate
the percentages of cells staining positive for IL-2, and the green bars represent the percentages of cells staining positive for TNF-�. Responses were
considered positive if their value was greater than twice the standard deviation of the mean of the medium control wells. All values were background
corrected using the medium controls. Responses and background were determined separately for cells obtained from vervet AGM and RM.

TABLE 2. Ki-67 expression in memory T-cell subsets of vervet AGM and RM

T-cell subset and
memory type

Median percent Ki-67 expression (range)

AGM RM

SIV
 SIV� SIV
 SIV�

CD8���

CM 5.4 (2.1–12.3) 7.7 (3.7–10.9) 17.6 (11.1–35.3) 30.6 (11.8–42.5)
EM 4.0 (1.1–9.6) 5.8 (3.1–10.4) 12.1 (6.6–26.5) 26.9 (10.7–54.9)

CD8���

CM 5.4 (2.2–12.8) 5.7 (3.7–8.5) NAa NA
EM 4.3 (2.4–10.6) 6.1 (2.4–10.9) NA NA

a NA, not applicable.
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and Asian nonhuman primates (6, 28, 34, 35, 37, 38, 41, 66).
However, little is known about CD8� T-cell responses in SIV-
infected natural hosts like AGM. Here, we performed com-
parative analyses to determine phenotypic subset changes and
SIV-specific immune responses in CD8� T cells from SIV-
negative and SIV-infected RM and vervet AGM. We found
that SIV infection of vervet AGM was associated with weaker
immune activation and proliferation than those for RM as
evidenced by phenotypic analysis of granzyme B, Ki-67, and
PD-1 expression on T cells. In addition, SIV infection of RM
resulted in more significant changes in the relative distribution
of naive, CM, and EM CD8� T-cell subsets. SIV-specific
CD8� T-cell responses were variable between animals and
showed a trend toward lower levels in SIV-infected vervet
AGM than in SIV-infected Mamu-A*01-negative RM.

The Ki-67 protein, which is tightly associated with somatic
cell proliferation (14), is one of the key molecules used to
demonstrate increased activation and lymphocyte turnover fol-
lowing AIDS virus infection of nonnatural hosts (31, 64, 65).
However, vervet AGM chronically infected with SIV showed
only a very small increase in Ki-67 on CM and EM CD8� T
cells, indicating the subdued SIVagm-mediated lymphocyte ac-
tivation that is characteristic of AIDS virus infections in natu-
ral hosts (56, 69, 70).

Granzyme B, a critical mediator of cell-mediated cytotoxic-
ity (58), was significantly upregulated in memory CD8� T cells
from SIV-infected RM in contrast to SIV-negative RM. The

much smaller change in granzyme B expression on memory
CD8� T cells between uninfected and SIV-infected vervet
AGM was partly due to a much higher level of granzyme B
expression in EM CD8� T cells in vervet AGM (already close
to 100% in SIV-negative vervet AGM) than in RM. The in-
creased granzyme B expression in vervet AGM may give this
species of natural hosts an advantage of more-efficient killing
of infected cells.

While SIV infection in vervet AGM was associated with an
increased expression of PD-1 on only EM CD8��� T cells,
SIV-infected RM showed an increase of PD-1 expression on
both CM and EM CD8��� T cells in animals chronically
infected with SIV. Recently, it was shown that the interaction
of PD-1 with its ligand PD-L1 greatly reduces the activity of
virus-specific CD8� T cells in HIV and lymphocytic chorio-
meningitis virus infection (3, 11, 16, 59, 72, 76). The higher
PD-1 expression is associated with exhaustion of these cells
and an inability to properly respond to stimulation by virus-
infected cells, which is thought to lead to a more rapid disease
progression. The relatively high PD-1 expression of peripheral
blood EM CD8��� T cells in vervet AGM chronically infected
with SIV suggests that these cells are also in a functionally
impaired state. However, vervet AGM do not progress to
AIDS and PD-1 expression might have a regulatory role in
vervet AGM preventing prolonged, unnecessarily high CTL
responses.

Although the differences in SIV Gag and Env ELISPOT
responses between RM and vervet AGM did not reach statis-
tical significance, we observed more consistent responses in the
IFN-� ELISPOT assay performed on RM. We also detected
about six-times-higher median levels of SIV Gag responses and
about two-times-higher median levels of SIV Env responses in
RM than in vervet AGM. A similar pattern emerged when we
performed the ICS assay: SIV-specific Gag and Env CD8�

T-cell responses were more readily detectable in RM than in
vervet AGM.

Greater magnitudes of AIDS virus-specific CD8� T-cell re-
sponses in nonnatural hosts are correlated with a more-con-
trolled course of infection (24, 43, 51). However, an inverse
correlation between these two parameters has also been shown
(33). In SIV-challenged RM, pathogenicity studies and vaccine
trials have suggested that robust, multifunctional CD8� T-cell
responses are correlated with a less-pathogenic course of in-
fection (36, 67). It is evident that the quantity and the quality
of immune responses are critical for more-efficient contain-
ment of AIDS virus infections (9, 40, 67). The assays per-
formed in the present study did not detect a qualitative differ-
ence in the cytokine pattern of the CD8� T-cell responses
between the RM and vervet AGM chronically infected with
SIV but did detect a lower number of responding CD8� T cells
in the vervet AGM. CD8� T cells in vervet AGM may be less
functionally impaired; thus, lower cell numbers are sufficient
for partial viral control. It is therefore likely that natural hosts
of SIV, including vervet AGM, utilize multiple protection
mechanisms, in addition to antiviral CD8� T-cell responses,
that allow a “peaceful” coexistence between the lentivirus and
its host despite an ongoing relatively high-level viremia
(56, 68).

Interestingly, three of the wild-caught SIV-negative vervet
AGM exhibited low but consistent levels of immune re-

FIG. 5. Granzyme B expression in CD8��� T cells obtained from
SIV-negative and SIV-infected vervet AGM and RM. Whole-blood
samples from 12 SIV-negative vervet AGM, 18 SIV-infected vervet
AGM, 18 SIV-negative RM, and 15 SIVmac-infected RM were stained
for intracellular expression of granzyme B in maturation-associated
CD8��� T-cell subsets. (A) Granzyme B expression in total CD8���

T cells, naive, and CM and EM CD8��� T cells obtained from vervet
AGM; (B) results obtained from RM cells. The black bars represent
SIV-infected animals, and the white bars represent SIV-negative ani-
mals. All bars represent median values, and the error bars show the
interquartile ranges. The stars indicate a statistically significant differ-
ence between SIV-negative and SIV-infected animals (P 	 0.05;
Mann-Whitney test).
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FIG. 6. PD-1 molecule expression in CD8��� T cells obtained from SIV-negative and SIV-infected vervet AGM and RM. CD8��� T cells
from vervet AGM and RM were stained with an anti-human PD-1 antibody conjugated to phycoerythrin. (A and B) Representative examples for
vervet AGM (A) and RM (B) are shown. Whole-blood samples obtained from nine SIV-negative vervet AGM, 18 SIV-infected vervet AGM, 20
SIV-negative RM, and 18 SIV-infected RM were stained for PD-1 expression in maturation-associated CD8��� T-cell subsets. (C) Expression of
PD-1 in CD8��� T cells obtained from SIV-negative (circles) and SIV-infected (triangles) vervet AGM. (D) Expression of PD-1 in CD8��� T
cells obtained from SIV-negative RM (circles) and RM infected with SIV for either 100 days (triangles) or 380 days (squares). The open symbols
represent the percentages of PD-1-positive cells in total CD8��� T cells, and the filled symbols represent the percentages of PD-1-positive cells
in CD8��� T-cell subsets. The stars indicate a statistically significant difference (Mann-Whitney test [C] or Kruskal-Wallis test and a Dunn’s
posttest [D]).
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sponses against SIV Gag and Env peptide pools. All assays
employed to detect signs of SIV infection including RT-
PCR, serology, and SIV reverse transcriptase activity were
negative. However, repeated ICS and ELISPOT assays, in-
cluding the use of an SIVagm Gag peptide pool from a
different vendor, resulted in a similar magnitude of re-
sponses in these animals. Even combined in vivo depletion
of CD8� and CD20� cells in two of these animals did not
activate SIV replication to a level detectable by our assays
(unpublished observation). Thus, these immune responses
may be an indication of a previous encounter with SIV that
did not result in a productive infection, similar to observa-
tions in humans who were exposed to HIV but were not
productively infected (29). It is also possible that the ani-
mals were previously exposed to an unknown antigen with
sequence homology to SIVagm.

In this study, we have demonstrated variable, relatively low-
level SIVagm Gag and Env-specific CD8� T-cell responses in
vervet AGM chronically infected with SIV. Since all SIV-in-
fected vervet AGM used in this study experienced an indistin-
guishable nonpathogenic course of infection regardless of the
relative magnitude of SIV-specific CD8� T-cell responses, the
role of immune responses in partial viral containment and lack
of development of an AIDS-like disease in natural hosts is
difficult to assess. Studies that seek to temporally activate or
inhibit innate and/or adaptive immune responses during pri-
mary and/or chronic SIVagm infection will aid in determining
whether immune responses contribute to viral containment
and maintenance of a disease-free course of infection in nat-
ural hosts such as vervet AGM.
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